Introduction
The cutting of ductile metals typically involves continuous chip formation characterized by extreme plastic strains and large specific energies [1] . Intimate contact between the chip and tool, a key feature of this chip formation, inhibits fluid access to the machining zone with adverse impact on tool wear and life [2] [3] [4] . The continuous chip is often also a barrier to increasing removal rates due to issues of chip evacuation [1] . For these reasons, there is much interest in achieving material removal by discrete (small) chip formation.
Discrete chip formation in cutting of metals can be effected by superimposing a controlled low-frequency modulation (<1000 Hz) of small amplitude (<200 lm) in the feed or undeformed chip thickness direction [5, 6] . This process termed as modulationassisted machining (MAM) also disrupts the severity of the chip-tool contact and enables fluid access, with attendant major increase in tool life [5, 7] . MAM is one of a class of vibrationassisted machining processes [8] [9] [10] [11] , e.g., elliptical-vibration cutting, velocity-modulation cutting, which has been implemented/ prototyped for industrial drilling and turning processes. Cutting or machining with superimposed low-frequency modulation should also be distinguished from ultrasonic vibration-assisted machining which involves very small-amplitude, high-frequency vibrations (20 kHz or more) [9, 11] .
In a recent study of MAM of ductile alloys, the specific energy (U) was found to be 40-70% smaller than in conventional machining (CM) [12, 13] . The average forces in a chip formation cycle also decreased, analogous to reductions noted in other vibrationassisted machining processes [10, 11] . The reduction in U, at both low and conventional cutting speeds, appeared to be a consequence of the transient or incipient nature of the deformation underlying discrete chip formation. Evidence, albeit indirect, based on recrystallization, stored energy of cold work, and microstructure of the chips, was presented therein to show that the discrete chip formation is characterized by smaller strains and, hence, smaller U. A chip aspect ratio (R) was proposed as a measure for characterizing the transient nature of the deformation [12] .
Building on the prior observations, the present study explores the strain reduction and transient chip formation hypothesis, directly, using concurrent analysis of flow fields, forces, and chip formation. The hypothesized reduction in strain levels and transient nature of the chip formation effected by the modulation application are confirmed by direct measurements in the machining zone using high-speed in situ imaging and PIV. Another unique feature of the study is synchronized measurement of tool motion, chip thickness, and forces, such that these parameters can be overlaid onto the chip formation cycle. This has enabled a holistic interpretation of the mesoscale mechanics of machining with modulation, over and beyond the purely geometric/kinematic aspects, since deformation and specific energy play a key role in controlling temperatures in the machining zone, tool wear, and component surface integrity. Besides machining, the results should be of interest to improved understanding of deformation in sliding [14, 15] , abrasion [16, 17] , and erosive wear [18] of metals, wherein chip formation is a mode of material removal at asperitylevel contacts. Figure 1 shows the geometry of chip formation in cylindrical turning with MAM under plane strain (2D) conditions. A workpiece of diameter d is rotated at frequency f w , while the tool is fed at h o per revolution parallel to the axis of workpiece rotation ( Fig. 1(a) ). The modulation, typically z(t) ¼ Asin(2pf m t), is superimposed parallel to h o (undeformed chip thickness), where f m is the modulation frequency and A is the amplitude. The tool motion is best analyzed by unwrapping each revolution of the workpiece surface onto a plane as in Fig. 1(b) . In the presence of the modulation, the instantaneous undeformed chip thickness, h(t), becomes zero when [5, 6] 
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where u is the modulation phase angle (difference) between successive cutting passes and is given by
where 0 u < 2p, and "INT[]" denotes the integer part of the value. Discrete chips should result at these conditions, as in milling, based purely on kinematics of chip formation. The chip-tool contact is simultaneously disrupted enabling fluid access to the machining interfaces [5, 6, 12] . The A for discrete chip formation is a minimum at u ¼ p (180 deg). Hence, u ¼ 180 deg is the preferred cutting condition for MAM and referred to as the out-ofphase condition. In practice, the A required for discrete chip formation is slightly larger than that given by Eq. (1) due to system compliance and material deformation effects [5] . Analogous equations can be derived for tools using multiple cutting edges [6] . These geometrical aspects of discrete chip formation have been verified in experiments [5, 6] . The use of in situ high-speed imaging in the present study enables characterization of the mechanistic aspects of chip separation, beyond the geometrical aspects. In CM, the primary deformation zone evolves over a finite length of the cutting into its steady-state configuration often idealized as a shear plane. During this evolution, the deformation is in a transient or incipient stage, wherein the forces and chip strain are usually different than in the steady-state condition [12, 19, 20] . The discrete chip formation in MAM can be thought of as a periodic repetition of this transient stage of CM. Based on this analogy, a chip aspect ratio, R-the ratio of undeformed chip length to maximum undeformed chip thickness-was proposed as a measure of the transient deformation stage and validated [12] . For u ¼ p, the preferred MAM condition, max h(t) ¼ 2h o , and
Equation (3) shows that R can be varied by changing f m /f w , thereby offering a way for exploring MAM with different transient levels. It may also be noted that R ¼ 1 corresponds to CM. It was observed earlier [12] that U decreases with decreasing R. This decrease, estimated from force measurements, was 40-70% relative to CM when cutting ductile copper and Al6061-T6. Strain levels in the chip inferred from microstructure and recrystallization characteristics suggested that U decreased due to a reduction in chip strain. Reductions in average forces have also been reported in ultrasonic and elliptical vibration-assisted machining processes [10, 11] . Note, however, that a change in force level cannot always be taken as an equivalent measure of a change in U. A reduction in U is of value since it should lower machining temperatures, improve surface quality, and reduce tool wear [1] . The hypothesis pertaining to change in strain with R as the basis for the energy reduction is analyzed here using direct mapping of the material flow. These flow observations enable strain fields in the machining zone to be quantified fully using PIV, an image analysis technique [21, 22] .
Figures 1(b) and 2 show that different combinations of A/h o and u in MAM result in different tool motions and, hence, a range of chip shapes and surface textures. The U-shaped curve in Fig. 2 , defined by equality in Eq. (1), demarcates the discrete and continuous cutting regimes. While the chip shapes for u ¼ 90 deg and u ¼ 270 deg (Fig. 2 ) are mirror images, there is a fundamental difference in the cutting action that produces these shapes. For u ¼ 90 deg, the tool produces a chip mostly when it is moving down into the workpiece (Fig. 1) , whereas for u ¼ 270 deg, the tool is cutting upward most of the time. Thus, even in the discrete chip formation regime, U may be influenced by u. Hence, machining with u ¼ 90 deg, 180 deg, and 270 deg is also assessed in this study.
Experimental
A series of low-speed, plane strain cutting experiments were carried out in the configuration of Fig. 1 , involving MAM with . Seven signals are monitored and recorded simultaneously during the machining: modulation amplitude z(t), forces in three-directions (F x , F y , F z ), modulation actuator voltage (V) and current (I) inputs, and encoder pulse input. In addition, images of the chip formation and machining zone are obtained using the high-speed camera and analyzed by PIV. different R and u, and CM (R ¼ 1). This cutting configuration also models material removal at single-asperity contacts in sliding [14, 15] . A special experimental setup was devised (Fig. 3) so that the forces, tool displacement, and undeformed chip thickness could be simultaneously measured during the cutting. The cutting zone was imaged, in situ, and concurrent with the measurements. Streaklines depicting material flow and strain fields in the machining zone were obtained by application of PIV to the image sequences. Furthermore, each stage of the cutting could be overlaid onto the forces, chip thickness, and modulation condition, enabling material removal phenomena at the mesoscale to be correlated with the mechanics of chip formation. The effects of R and u on forces, U, chip deformation, and material flow were analyzed.
The workpiece materials were Al 6061-T6 tube of 25.4 mm outer diameter (OD), 1.25 mm wall thickness and oxygen-free high conductivity copper tube of 19.05 mm OD, 1.65 mm wall thickness. This selection was guided by technological interest and mechanical response. The age-hardening Al alloy, widely used in structural applications in the discrete products sector, has higher strength but much lower (uniform) ductility than the Cu. The annealed Cu typifies difficult-to-machine alloys (extreme ductility) used in orthopedic and related biomedical sectors. The experiments with Al 6061-T6 were done in the peak-aged (as-received) condition (Vickers hardness ¼ 103 6 1.7 kg/mm 2 ). The Cu was annealed prior to the experiments by heating at 750 C for 4 hrs in an atmosphere of 95% argon and 5% hydrogen, followed by furnace cooling to room temperature. The grain size in the Cu, measured by the linear intercept method, was 165 6 16 lm, and Vickers hardness was 62.2 6 1.2 kg/mm 2 . A high-speed steel (M42) tool of 0 deg rake angle and with a sharp cutting edge was used. The tool was prepared by surface grinding with cutting edge radius < 5 lm (by scanning electron microscopy). The 50 lm undeformed chip thickness (h o ) used in the experiments, typical of finish machining, is large (ten times) compared to the tool edge radius and, hence, the tool is considered sharp. Figure 3 shows the experimental setup. A piezoelectric modulation device, enabling cutting with feed-direction modulation, was assembled integral with a force sensor. The modulator-sensor assembly was mounted on to the turret of a computer numerical control lathe. The device was driven by a sinusoidal voltage waveform generated by a function generator/power amplifier. The amplifier voltage and current were monitored to estimate the power consumption of the modulator. An encoder assembly mounted on to the spindle triggered the function generator and set the f m /f w ratio, while also tracking the angular position of the workpiece in cutting. The modulation at the tool tip was measured during cutting by a capacitance probe of 3000 Hz natural frequency.
Experimental Setup.
Forces were measured using a three-component plate type dynamometer. The manufacturer-specified natural frequencies for the sensor were 2.0, 3.0, and 1.8 kHz along the X, Y, and Z directions, respectively (Fig. 3) . In the machining configuration, these frequencies were 1.2, 1.2, and 1.4 kHz as measured by a "ringingtype" test, adequate for high-fidelity measurements.
The forces (F x , F y , F z ), z(t), actuator voltage (V) and current (I), and encoder pulse-constituting a total of seven signals-were recorded using a high-speed data acquisition system and analyzed using MATLAB. Each channel of data was acquired at 10,000 samples per second in each modulation cycle. U was calculated from the forces and material removal rate.
The experimental parameters, unless otherwise specified, were selected as in Table 1 . These cover a range of discrete chip formation (R and u) conditions, enabling quantitative information about the cutting mechanics to be obtained. By combining measurements of z(t), h o , and spindle position, the tool path (TP) and steady-state workpiece profile (WP) were reconstructed for each modulation cycle. The WP is the profile that prevails after MAM has reached a steady-state condition from a geometric viewpoint. It is realized typically after 2-3 turning passes, with the exact number of passes for reaching this condition being INT[2A/h o ] þ 1. At this stage, the WP is independent of the initial WP. Figure 4(a) shows an example of TP and WP, and h(t) ¼ WP À TP. For comparison, CM experiments were carried out with the modulation turned off.
A high-speed camera, coupled to an optical microscope, was used to image the machining zone at 1000 fps and over a viewing area of approximately 1000 Â 1000 lm. The microscope was focused onto a side of this zone, which was constrained by a sapphire disk to prevent side flow of the workpiece material (Fig. 3) . The spatial resolution of the imaging was 1.4 lm when the workpiece was rotating. The image sequences were analyzed by PIV to obtain flow patterns and deformation fields.
3.2 PIV. PIV was used to characterize streaklines of flow and velocity, strain, and strain rate fields [23, 24] . The method involves use of tracers dispersed in the medium and tracking the motion of particle ensembles by digitizing high-speed images of the flow [21, 22] . The steps in PIV are: (1) introducing "particles" of proper size evenly distributed and attached to the material, so that particle movements reflect material flow; (2) recording the flow described by the moving particles in a sequence of images; and (3) analyzing pairs of images from the sequence using correlation techniques. The outcome is a discretized sequence of displacement/velocity vector fields representing flow of material. Strain and strain rate fields are derived from these vector fields along with various lines (streak, stream, and path) of flow [23, 24] . The micrometer resolution of the imaging enables deformation fields, including in the immediate vicinity of interfaces, to be mapped over reasonably wide regions with high accuracy [23] . In the present application of PIV, the particles were "asperities"-roughness features deliberately introduced onto the workpiece surface by abrasion with 600 grit SiC paper. Besides deformation, streakline analysis was valuable for analyzing the flow and material removal. Streaklines are locus of material particles that have previously passed continuously through a particular point in the initial workpiece. In the framework of fluid flows, a dye that is steadily injected into the fluid at a fixed point extends along a streakline. The streaklines in machining also represent the deformed configuration of initially horizontal lines inscribed in the workpiece.
The PIV strain distribution in a MAM chip will vary with location due to the continuously varying chip thickness. This necessitates the definition of a representative strain in order to compare deformation at different MAM and CM conditions. An average strain for the chip was defined as
where n is the number of points at which the strain is sampled and e i is the effective (von Mises) strain at point i. At least, 10,000 regularly spaced chip points were used for estimating hei. Since the "area" associated with each point was the same (approximately 8 lm 2 ), Eq. (4) is an area-weighted strain.
3.3 Specific Energy. The specific energy (U) in MAM was estimated from the forces and tool displacement. In CM, the power is (F c V o ), where F c is the force along V o , and U is the ratio of F c V o to the removal rate. However, in MAM, the power is (F c V o þ F t V t ), where F c and F t and V o and V t are the time varying forces and velocities in the cutting and feed directions, respectively. The power input F t V t is due to the modulation. At low speeds and with a stiff machining system, as in the present experiments, inertia and spring back forces in MAM are negligible. Consequently, F c and F t equal F y and F z (Fig. 3) [12] , respectively, and
where t 1 and t 2 are the start and end times in the force history.
Results and Discussion
The mechanics of material removal at the mesoscale in cutting with modulation was analyzed using the concurrent measurements of forces and modulation parameters and images of the chip formation. Fig. 4 represents the cross section of the undeformed chip perpendicular to the zero strain direction. The maximum h(t) ¼ 2h o ¼ 100 lm (Fig. 4) and h o ¼ 50 lm, the steady feed, are marked as a dotted line for reference. The U was 1.16 J/mm 3 , which is about 23% less than in CM (1.50 J/mm 3 ). Reductions in U of up to 40% have been observed at other MAM conditions with this alloy [12] .
It is seen from Fig. 5 that the maximum F c in MAM (location 4) is approximately 150 N, which is 50% greater than in CM (approximately 100 N). Note, however, that the maximum h(t) in MAM is 100 lm, which is 100% greater than in CM (50 lm). Over one modulation cycle (0-0.39 s), the area under h(t) in Fig. 4 is same as the area under h o , confirming that the material removal per cycle (equivalently rate) is the same in MAM and CM. The areas under the MAM forces F c and F t in Fig. 5 are both smaller than the corresponding areas under the CM forces. Given that the material removal per cycle is the same in both MAM and CM, this observation provides a mechanistic basis for the smaller U in MAM.
Between points 2 and 4, F c increases steadily with constant slope while F t is essentially constant (Figs. 4 and 5) . Furthermore, even in a region where h(t) is constant as between 3 and 4 ( Fig. 4) , F c is steadily increasing (Fig. 5) , likely due to the nature of the development of the transient deformation. Figure 6 shows high-speed images of the chip formation and streakline patterns in one modulation cycle. Frames 1-8 in the image sequence correspond to locations 1-8 in Figs. 4 and 5. The instantaneous tool velocity direction relative to the workpiece is indicated by the arrows attached to the tool and used to distinguish between downward and upward motions of the tool. The points P1 and P2 on the images are attached to the workpiece and move with it during cutting. They were selected to correspond to the two sharp corner points of the undeformed chip (see Fig. 4 ). Equivalently, between P1 and P2, h(t) is constant during the modulation cycle.
The various stages of the discrete chip formation cycle are described below with reference to Fig. 6 . The correlations with force and h(t) data of Figs. 4 and 5 are also highlighted in this description.
Frame 1. The tool engages with the workpiece initiating cutting. The forces increase from zero at this point 1 in Fig. 5 . The discrete chip in the frame is that formed in the previous modulation cycle.
Frame 2. h(t) is seen to increase between 1 and 2 ( Fig. 4) , with outline of a deformation zone developing from the cutting edge to point P1. F c and F t increase rapidly between frames 1 and 2 (Fig. 5) .
Frame 3. The tool is at its maximum extension in the modulation cycle (Fig. 5) , with h(t) reaching its constant (maximum) value some time before frame 3 (Fig. 4) . F c is still increasing but at a smaller rate than between frames 1 and 2 (Fig. 5) . The tool begins to retract from the workpiece after this frame.
Frame 4. F c has reached its maximum in the modulation cycle (Fig. 5) . A better-demarcated deformation zone now extends from the cutting edge to just to the right of P2. The streaklines indicate that the incremental straining in this deformation zone, at this stage, is quite nonuniform across the chip thickness. The streakline pattern is smooth and generally "laminar" between frames 1 and 4.
Frame 5. A small failure at white arrow initiates ahead of the cutting edge, just as h(t) begins to decrease from its maximum value in the cycle (Fig. 4) . The streaklines are folded near the failure point.
Frame 6. A second failure at white arrow initiates on the workpiece surface ahead of the tool, while h(t) is still decreasing and the previously initiated failure propagates from the tool edge. A folding of the streaklines is again seen near this second initiation point.
Frame 7. Both failure fronts connect together at white arrow midway into the chip thickness, thereby demarcating a boundary of the discrete chip and its separation from the workpiece. Since the tool is still engaged with the workpiece (h(t) is still not zero, Fig. 4 ), discrete chip formation may be said to be complete somewhat ahead of when it is predicted to be per the geometric model (Fig. 1) . This type of failure was not observed in CM chip formation. A pronounced folding over of the streaklines is visible near the cutting edge and adjoining workpiece surface. This folding is much greater than in frame 5, wherein a failure initiated at this location.
Frame 8. The tool is nearly completely disengaged from the workpiece and the forces have decreased to zero (Fig. 5) . The discrete chip from the just-completed modulation cycle leaves the machining zone analogous to the chip from the previous cycle in frame 1. It is also clear from frames 1 to 8 that the orientation of the primary deformation zone, as demarcated by the cusps in streaklines, is continuously changing from the initial tool engagement with the workpiece (frame 1) to tool exit that completes the discrete chip formation (frames 7 and 8).
Summarizing, the concurrent analysis of force, displacement, and material flow has provided insights into how modulation affects the chip formation. These pertain to separation of the chip from the workpiece even before h(t) reaches zero; initiation and propagation of failures from the tool edge and back side of the chip, and linking-up of these failure fronts; folding over of streaklines with a concentration of deformation near the tool edge prior to chip separation; and gradual changes in the forces even when h(t) has reached a constant value in a modulation cycle. Figure 8 shows streakline patterns and strain fields for machining of Cu at R values of 92.1 and 19.3. The deformation is quite nonhomogeneous and material flow is not consistent with a shear plane model of chip formation. Similar inferences can be drawn from the flow pattern in the Al alloy in Fig. 6 , though the deformation heterogeneity appears to be much less in this case. At larger R, the streaklines in the initial stage of chip formation ( Fig. 8(a) ) show a small zigzag pattern (see upper part of chip in the figure). With continued chip formation and an increase in the chip thickness, these zigzags undergo considerable "stretching" and additional rotation. Consequently, the streaklines fold over on top of one another as in the thicker (lower) part of the chip. This folding of the streaklines is quite large prior to the chip separation and is indicative of significant redundant work in the chip formation process. As a result, U may be expected to be higher at this condition than for R conditions wherein this redundant work is smaller. At the smaller R (Fig. 8(b) ), the streaklines are much more smooth and laminar, with far less folding, throughout the chip volume. The timely disengagement of the tool from the workpiece at this condition has prevented the chip from growing in thickness and material from entering the undesired big "folding" regime of the larger R. The redundant work and strain level for this flow (Fig. 8(b) ) may, therefore, be expected to be smaller than in CM or R ¼ 92.1. This is directly seen in the smaller hei recorded at this condition, and indirectly in the U estimates (Fig. 7) .
The strain fields for R ¼ 92.1 and 19.3 in Fig. 8 (bottom row) show considerable heterogeneity, unlike that arising from the usual shear plane (or deformation zone) in CM which is uniform [1] . This is consistent with the assessment of the deformation made from the streakline patterns (top row). Furthermore, there is a characteristic pattern to the evolution of the strain fields. The strain is always smaller (<2) in the beginning stage of the chip formation (upper part of chip). It subsequently increases, gradually, and reaches a maximum (approximately 4-6) just at chip separation. The average strain in the chip estimated using the PIV data was 2.3 for R ¼ 92.1 and 1.55 for R ¼ 19.3 (Fig. 7) . This strain value was much higher (6.7) in the CM chip (Fig. 7) , as also evidenced by its much larger thickness (Fig. 9 ) relative to those in Fig. 8 . The structure of the chip in Fig. 9 shows a uniform flow pattern indicating homogeneous deformation and also that the deformation has reached steady state. The strain field and streakline observations thus provide quantitative evidence for (a) reduction in strain levels in the primary deformation zone of chip formation with decreasing R and (b) the deformation fields for R ¼ 19.3 and 92.1 conditions not reaching a steady-state as in CM (R ¼ 1). They confirm the primary role of R in determining strains and specific energies when cutting with modulation.
The significant reduction in U with decreasing R can now be interpreted in terms of the primary deformation levels and transient nature of this deformation at small R. The specific energy estimates derived from ensemble (i.e., top down or macroscopic) force measurements is just the sum of the energies dissipated in the primary deformation zone of chip formation, secondary deformation zone at the tool-chip interface, and near-surface deformation in the workpiece. These energy components, both individually and as a sum total, can be obtained directly and independently also from PIV deformation fields, by integrating rde along path lines of flow. Here, r is the flow stress of the material at the prevailing (local) conditions of deformation. The energy values obtained by this integration represent an estimation based on the flow-field (bottom-up or mesoscale), analogous to that done in upper-bound or slip-line field type analyses. Based on this equivalence (identification) between flow-field and force-based estimates of U, the present observations and analyses of material flow/strain strongly support the hypothesis that the reduction in U values with decreasing R is in large part due to a reduction in strain levels in the primary deformation zone of chip formation. This was earlier inferred, indirectly, from recrystallization temperature and stored energy measurements in chips [13] . Furthermore, this strain reduction is a consequence of the deformation field not reaching a steady-state condition at the smaller R values (e.g., 19.3 and 92.1 in Fig. 8 ) in contrast to CM (Fig. 9) . This is consistent also with a recent study [16] of the evolution of the deformation field in CM of Cu using PIV, which has documented the cutting length (relative to h o ) in which this field reaches a steadystate.
4.3 Effect of u. The discussion to this point has considered MAM with u ¼ 180 deg. For different u, the tool and workpiece engage/disengage in different ways as shown in Fig. 10 . For example, when u ¼ 90 deg, the tool does most of the cutting when moving down into the workpiece. This translates into a more positive (effective) local rake angle. The opposite is true for u ¼ 270 deg, where the bulk of the cutting occurs when the tool is on its way up. Consequently, u may be expected to influence the deformation. Figure 10 also shows the effect of u on U, hei and peak F c , for R (¼19.3). The U, forces, and chip strain are greatest for u ¼ 270 deg and smallest for u ¼ 90 deg, confirming that u influences the deformation. Further insight is obtained from streakline patterns (Fig. 11 (top row) ) and strain fields (Fig. 11 (bottom  row) ). The streaklines for u ¼ 90 deg (Fig. 11(a) ) show a more smooth, laminar flow, with significantly less stretching of the lines in the vicinity of the tool tip, than at the other u. The greatest distortion in the flow, with folding over of the streaklines in the subsurface, occurs for u ¼ 270 deg (Fig. 11(c) ). The subsurface strain for u ¼ 90 deg is less than for u ¼ 270 deg. These observations are consistent with the effective rake angle hypothesis. Larger subsurface strain and degradation of laminar flow are characteristics of cutting with a more negative rake tool [24] . It should be noted, however, that hei due to the primary deformation varies little with u ( Fig. 10 ) in contrast to the variation with R (Fig. 7) . The effect of u is thus mainly on the workpiece subsurface deformation, which in machining is usually only a small fraction of the overall energy dissipation. For this reason, the overall impact of u on U is much smaller than that of R.
Chip Separation From
Workpiece. The image sequences have provided key details about the local chip formation process in the vicinity of the tool edge in MAM. This local chip formation, especially chip separation from the workpiece, is quite different in the Cu compared to the less ductile Al alloy. In the Al alloy, see Fig. 6 , two shear failures are seen to initiate, the first at the tool tip (frame 5 at white arrow) and the second at the workpiece free surface (frame 6 at white arrow) in the primary deformation zone. The surface failure shows features similar to that triggering discontinuous chip formation or segmentation in ductile alloys. The two failures link up producing the discrete chip. These types of failures were never observed in the more ductile Cu. Instead, with the Cu, when the tool retracted from the workpiece, the material was observed to fold and flow under the tool tip with a large stretching, as well as concentration, of the streaklines (Fig. 8 (top row) ). Note in comparison, the much smaller stretching of the streaklines in the tool tip region in Al (frames 6 and 7, Fig. 6 ). This stretching and concentration of streaklines in Cu are indicative of intense localized shear, which precedes chip separation. This type of flow is very similar to that observed at the tips of sharp-wedge indentations (apex angle <60 deg) [25, 26] , at corners of punch indentations [27] , and in propagation of sharp V-notches [28, 29] , in ductile metals. The observations suggest an opportunity for using the present experimental framework to explore fracture/separation criteria operative in the chip formation zone [30] .
The lower specific energies and discrete chip formation enabled by MAM at small R conditions can result in improved quality of machined surfaces, lower machining temperatures, and enhancements in material removal rates, with positive implications for sustainability of machining processes [31] . The image analysis of deformation can be applied also to the broader class of vibrationassisted machining processes to assess changes in strain and friction. Equally importantly, the full-field measurements of deformation presented in this study offer can be used in validation of machining models over and beyond that based on macroscopic attributes (e.g., forces). Finally, since the tool-workpiece contact in MAM has similarities with asperity contacts in sliding and abrasion [14] [15] [16] [17] , the results can be used to analyze particle formation in terms of energetics of material removal, and local contact deformation, in wear systems.
Conclusions
The deformation field and material flow in cutting of metals with superimposed low-frequency modulation have been analyzed using high-speed photography and PIV. Concurrent measurement of forces, displacements, and modulation parameters has enabled the stages of chip formation in a modulation cycle to be correlated with the flow field and initiation of failure fronts in the cutting zone. The smaller specific energies in cutting with modulation are shown to be a direct consequence of the reduction in strain levels in discrete chip formation at small values of a chip aspect ratio parameter R. This confirms earlier indirect inferences of strain reduction drawn from chip recrystallization and microstructure observations. Analysis of streaklines has revealed important characteristics of large strain plastic deformation in the machining zone. The modulation may be optimized with respect to energy and chip characteristics using R as the controlling process parameter.
